Dry urine-diverting toilets may be used in order to collect excreta for the utilisation of nutrients.
INTRODUCTION
Transportation of human excreta in urban areas by means of water produces environmental problems in the aquatic environment. Often, the pollutants are harmless or even useful if handled in the terrestrial environment because they will become part of the nutrient cycle. One component of sustainable development is therefore to develop safe and efficient methods for handling of human excreta in a terrestrial environment. Faeces and urine, as well as mixed sewage products, need to be seen as resources rather than waste.
In human excreta, urine contains the major part of essential plant nutrients (nitrogen, phosphorus and potassium). Faeces can, apart from nutrients, contribute humus-like substances, thus improving soil fertility. Hazards associated with the recycling of these products include pathogens and pharmaceuticals as well as other micropollutants and heavy metals. It is important to note, however, that pharmaceuticals and other micropollutants also constitute a problem in the aquatic environment. Therefore, the major concern when handling human excreta locally in the terrestrial environment is believed to be associated with possible threats to human health. This paper focuses on acute human health issues and, consequently, exposures to pathogens are dealt with.
From a hygienic risk perspective, faeces should always be considered to contain pathogens. There is a wide range of pathogens that may be excreted, mainly causing gastrointestinal infections. When recycling other fractions such as urine or grey-water, the potential faecal cross-contamination and related pathogens may constitute the main risk (Hö glund 2001; Ottoson & Stenströ m 2003) . To evaluate and compare different sanitation systems, including (re)use of the 'waste products', microbial risk assessment is a valuable tool that allows human risks related to future scenarios to be quantified and compared in a structured manner (Shuval et al. 1997; Hö glund et al. 2002; Ottosson 2003) . Quantitative microbial risk assessment (QMRA) includes the following main components: hazard identification, exposure assessment, dose-response assessment and a risk characterisation (Haas et al. 1999 ). These are further described below.
Epidemiological investigations often require larger study populations, and are generally applicable only when the practices are already in place.
When using fertiliser products containing human or animal excreta, the reduction of excreted pathogens is a critical step in minimising the risk of further spreading of the pathogens. Transmission of disease may occur if humans or animals come in contact with the excreta and accidentally ingest the pathogen-containing material before the pathogens have been inactivated. Subsequent exposure is possible if pathogens are transported to watercourses, for example by run-off, and the water is used for recreational activities or the production of potable water. Another potential route for transmission is consumption of excretafertilised crops. By treating the excreta early in the handling chain, exposure to pathogens and consequent risks could be significantly decreased. Treatments often rely on an increase in temperature (e.g. composting or anaerobic digestion) or an increase in pH (e.g. addition of lime).
Prolonged storage will also lead to a reduction. However, long survival times have been reported for some pathogens and indicator organisms in materials such as sludge, manure and faeces (Pesaro et al. 1995; Gantzer et al. 2001; Moe & Izurieta 2003) . The inactivation occurring after application of the fertiliser will further decrease the risks of disease transmission by exposure to the soil or through the consumption of crops. Current regulations in Denmark and other European countries focus on products such as sewage sludge, and generally do not include excreta as such. There are, however, guidelines established by WHO, which encourage treatment of excreta by storage, digestion or composting before use (WHO 1989) . Use of untreated excreta is, however, allowed if the excreta is covered with a layer (. 25 cm) of soil. These guidelines are currently being amended and extended.
The current study was aimed at, on a theoretical level and utilising QMRA, assessing the risks of transmission of infectious diseases to humans associated with the use of faeces as a fertiliser within private households in Denmark.
The risks evaluated focused on direct contact with the faecal material during handling and use in the garden.
The evaluation is based on studies of how human excreta are handled in special settlements where each household is responsible for the handling of its own excreta.
METHODS

The case scenarios
The faeces were collected from dry, urine-diverting toilets in single-family households (consisting of two adults, one older child and one younger child , 6 years) and used in their own gardens as a fertiliser. The toilet paper was thrown in the same collection bin and additives such as sawdust were sometimes added to facilitate composting, corresponding to up to 10 -15% of the total weight. Theoretical scenarios were evaluated by using data collected from previous studies of this type of toilet. Even if a thermophilic (high-temperature) composting process was aimed for in the previously investigated systems, temperatures never rose above 208C and were at a maximum 78C higher than the ambient temperature. The faeces could thus be said only to be treated by means of storage prior to the application in the garden. The pH of the faeces varied from 6.7 to 8.4 and the dry substance content was 22-39% (J. Møller, Royal Veterinary and Agricultural University, Denmark, personal communication). The following scenarios were evaluated:
1. Application of the material after storage for 0 months 2. Application of the material after storage for 6 months 3. Application of the material after storage for 12 months 4. Application and incorporation of the material after storage for 6 months 5. Application and incorporation of the material after storage for 12 months Application was defined as spreading the faeces evenly on Microbial risks associated with urine were not specifically evaluated, but comparative evaluations have previously been performed (Hö glund et al. 2002; Hald and Andersen, in press ).
Hazard identification
Representatives from the various groups of pathogenic microorganisms that can be transmitted through faeces to humans by the faecal-oral route were chosen based on the Infectious doses (dose-response models) and incidences are given in Table 1 .
Exposure assessment
Each organism was modelled by means of distributions (i.e. probability density functions (PDFs)) for incidence in the population, excretion and duration of infection as well as die-off in the storage container and die-off in the soil after application of the material in the garden. Andersen (in press). Using the incidences assessed for the selected pathogens, the probability that the faeces in the storage container from a typical household contained at least one type of pathogen was calculated to be 11.6%. A total of 0.5% of the containers would contain at least two types of pathogen. Rotavirus and Giardia would be the most frequently occurring pathogens, present in 4.7% and 4.3% of the containers, respectively. The level of infections was not assumed to depend on the age, gender or other characteristics of the family in question; only the number of occupants was assumed to be of importance. The annual variations in infections are small compared with the general level of infections.
The number of excreted pathogens is assessed by means of literature data on the duration and concentration of pathogens in faeces during infection (see Table 1 ). Since available studies on the survival of pathogens in human faeces are limited, results from studies involving other materials such as animal manure and sewage sludge were also evaluated in order to establish PDFs for inactivation in the collection and storage container (the container in which the faeces are collected is stored without addition of new material). The collection and storage was assumed to take place indoors at a temperature of around 208C.
The calculations resulted in median (50th-percentile) concentrations of 2 £ 10 212 -4 organisms per mg faeces (0 months' storage), 2 £ 10 221 -7 £ 10 22 organisms per mg faeces (6 months' storage) and 2 £ 10 230 -2 £ 10 23 organisms per mg faeces (12 months' storage) depending on pathogen type, and given that a pathogen was excreted by a family member within the previous year. After storage for 6 and 12 months the highest concentration was attributable to Ascaris owing to a long excretion time and slow inactivation, whereas EHEC occurred in the lowest concentrations owing to a short excretion time and its short survival in faeces. Calculations for EHEC showed a total inactivation after 6 months' storage; that is, there was less than one active bacterium left in the container after this time. The survival of microorganisms in soil is dependent on local conditions: for example, soil type, moisture, UV-light and naturally occurring microflora. To describe the inactivation in soil at an average ambient temperature of approximately 118C, results from studies conducted in various types of soil were consolidated to create the PDFs. The PDFs representing the input data are summarised in Table 1 . The underlying references are given in Arnbjerg-Nielsen et al. (2005) .
By combining the data, the concentrations of pathogens in the faeces after the different storage periods were calculated. Similarly, the concentrations in the soil after application and incorporation were calculated taking into account the continuous inactivation that will occur after the application, which was assumed to take place in April (spring in the Northern hemisphere). Possible re-growth of bacteria was accounted for by making slightly conservative estimates for the decay of the bacteria.
The actual human exposure was assumed to take place during one of three events, when accidental ingestion of small amounts of faeces, or faeces and soil mixture, may occur: † Emptying of the container and distribution of the material † Recreational activities in the garden † Gardening
The faeces-soil intake was based on a literature study by Larsen (1998) , where children are estimated to ingest around 200 mg of soil per day on average with an absolute maximum of 5-10 g per day occurring once every ten years by exposure each day. It was further assumed that adults ingest 15-50% of this amount, with a maximum of 100 mg per day (Table 2 ). The container was emptied once a year, assuming that only adults were performing this task and thus exposed. Modelling of the number of exposures through recreation in the garden resulted in a median value (50th-percentile) of 3.5 times per week (during June-August), whereas 50% of the persons were exposed through gardening once a week (during May -September) ( Table 3 ).
An exposed 'standard member' of the family was assumed to correspond to 25% child and 75% adult or older child (.6 years). The faeces to soil ratios mentioned above, which are approximately equal to the 50th-percentile, were used to create distributions for the composition of the faeces and soil mixture, with the worst-case scenario corresponding to ingestion of 'pure' faeces. It was further assumed that one exposure corresponded to two hours of gardening, occurring a maximum of two times per day.
The dose-response relationships
For some pathogens dose-response relationships are relatively well defined with respect to the expected infectivity in the population (Haas et al. 1993; Teunis et al. 1996; Haas et al. 1999) . Variations due to differences between different persons are largely unavailable and are virtually missing for p Intake faeces is modelled by a log-normal distribution as described in Table 1 . response is then itself a probability density function as indicated in Figure 1 .
Risk calculations
The risk of infection in the QMRA was calculated using being infected when exposed to a random container.
The formulae for calculating the amount of infectious material at day i after the individual begins to excrete Figure 1 | Probability of the risk of infection. When ingesting a dose of 10 Giardia cysts it is most likely that 18% of a large group of exposed persons will be infected. Based on the uncertainty of the dose-response model a specific person will have 95% probability of having a risk of infection between 5% and 56%.
infected material are as follows: 
RESULTS AND DISCUSSION
In approximately nine out of ten gardens, the use of stored faeces as a fertiliser will not result in a risk of infection in Denmark. This is because none of the family members was infected, and thus no pathogens were excreted into the container. In the remaining 11.6% of the gardens there is a risk of infection; however, most of the exposures will not lead to infection as too few pathogenic organisms will be ingested. For each scenario (1-5) the following results are presented: † The typical risk from a random container (50th-percentile) † The worst-case risk from a random container (95thpercentile)
The differences between the results are exemplified for Salmonella in Figure 2 and for Ascaris in Figure 3 Salmonella, the risk depends more on storage than on incidence rates. For other pathogens (e.g. Ascaris) the storage has limited importance because of their higher persistence; therefore the risks are mainly dominated by the prevalence in the population in question. Typical risk equals the 50th-percentile and worst case equals the 95th-percentile.
lower infectious doses, which result in higher risks for rotavirus, the protozoa and Ascaris. Without storage, the material in the containers was, with the exception of bacteria, highly infectious.
After 12 months of storage the typical risk associated with emptying the container was less than 10 24 for all of the pathogens, as presented in Table 5 . When considering typical risks associated with gardening and recreational activities in the garden, the yearly risk of infection was only higher than 10 24 for Ascaris (Table 6 ). As such, the risks were just below the acceptable level suggested by Regli et al. (1991) . However, the large differences between the typical risk and the worst-case risk indicate that, in general, viruses, protozoa and helminths may constitute a problem because of a substantial level of uncertainty. Furthermore, in general, the risks increased significantly if the material was stored for less than 12 months.
The importance of the estimated incidence rates differs greatly between the different pathogens. The incidence rate of the region is less important when the decay of the pathogen is rapid, whereas the overall risk is dominated by the initial incidence rate of the pathogen when the decay rate is low. This finding is emphasised when comparing risks for Salmonella and Ascaris in Figure 2 and Figure 3, respectively. Based on the information in Table 4 it seems that the risk of infection is low for bacteria regardless of the incidence rate in the population in question. The typical risks for viruses and protozoa are also below the acceptable level suggested by Regli et al. (1991) .
Rotavirus constituted the highest risk if the material was un-stored, which illustrates that viruses can be highly infectious. Even if rotavirus is recognised mainly as a pathogen of concern for small children, its importance as a pathogen in adults has been underestimated (Andersen & Weber 2004) . Other viruses, such as norovirus, are more common in all age groups and could be of greater concern.
The main reason for not including norovirus in this study is that there are only limited data available.
Many additional excreta treatment alternatives exist that could improve the situation and significantly reduce the risks from pathogens by promoting a more rapid die-off. Animals as secondary transmitters were not accounted for, but may also need consideration. House pets, such as dogs and cats, will imply a risk as they often dig in the soil and could transport pathogens to fomites or surfaces indoors, resulting in human exposure. Vectors could also transport pathogens from one garden to another.
Risks related to the consumption of crops fertilised with the material were not specifically evaluated, but this is Rotavirus 4 £ 10 22 2 £ 10 24 2 £ 10 27 2 £ 10 25 2 £ 10 28 3 £ 10 22 4 £ 10 25 3 £ 10 28 4 £ 10 26 4 £ 10 29
Hepatitis A 1 £ 10 26 6 £ 10 210 3 £ 10 213 7 £ 10 211 4 £ 10 214 1 £ 10 26 4 £ 10 210 2 £ 10 213 5 £ 10 211 2 £ 10 214
Giardia 2 £ 10 24 7 £ 10 211 nr 8 £ 10 212 nr 5 £ 10 25 1 £ 10 211 nr 2 £ 10 212 nr Cryptosporidium 1 £ 10 23 3 £ 10 26 8 £ 10 29 3 £ 10 27 9 £ 10 210 1 £ 10 23 3 £ 10 26 7 £ 10 29 4 £ 10 27 9 £ 10 210
Ascaris 8 £ 10 24 7 £ 10 24 2 £ 10 24 5 £ 10 24 2 £ 10 25 2 £ 10 23 2 £ 10 23 2 £ 10 24 5 £ 10 24 2 £ 10 25 nr ¼ negligible risk (, 10 214 ; calculation accuracy of MS Excel).
another route of transmission that may be important.
Regulations and guidelines may be based on the combination of treatment and restrictions on what crops can be fertilised. Crop restrictions may be utilised as another barrier to exposure and pathogen transmission. One example is to discourage the use of faeces on crops that are to be consumed raw (Schö nning & Stenströ m 2004) .
Recommendations that allow for a period to pass between fertilisation and harvest, as have been suggested for use of urine (Hö glund 2001), could also be proposed for the faecal fraction. Such regulations are probably easier to apply in larger systems, since, on a household level, the personal decisions are still of prime importance. This also implies that it will be difficult to ensure that the material is actually stored sufficiently and without exposure to humans.
It is questionable whether human faeces should be recommended for use as a fertiliser in gardens and other green areas to which people have easy access. How beneficial the material is depends on the status of the soil and how efficiently the risks can be communicated to the users of the areas. In less developed regions the soil may be poorer and the supply of fertilisers not as good as in Western countries.
Treated faeces could here result in great improvements in soil fertility; on the other hand, pathogens are often more prevalent. These issues are quite complex but can be handled if awareness of risks is raised, and treatment and handling of faeces is adapted to the specific system and setting.
CONCLUSIONS
If strictly comparing the risks with previously identified acceptable levels (10 24 per year), the practice of using one-
year stored but otherwise untreated faeces should be regarded as unacceptable. The risk of infection is mainly dominated by the helminth Ascaris. Further, the risk is very sensitive to changes in the incidence rate, indicating that local handling of faeces is an important route of exposure. The risk of infection will be greatest when emptying the container of collected faeces as the material at this stage has not then been mixed with soil and no further reduction of pathogens has occurred. Emptying the container will result in potential exposure to pure faeces that have been stored for 0 -12 months. The highest risk resulting from exposure to un-stored material was attributable to rotavirus (3 £ 10 22 ), whereas
Ascaris constituted the highest risk after 6 or 12 months' storage, even if this infection is quite uncommon in the 
